Introduction
Elucidation of cell surface molecules that regulate apoptosis in extravasated neutrophils is still in its inNeutrophils are a prominent component of the acute fancy. Although apoptosis in peripheral blood neutroinflammatory response. The control of neutrophil efflux, phils (PBN) can be induced by antibody ligation of Fas mediated in part by endothelial and leukocyte adhesion (Iwai et al., 1994; Liles et al., 1996; Liles and Klebanoff, receptors , is important in regulating inflammation and 1995), a death-promoting gene in lymphocytes (Abbas, tissue damage. Neutrophil diapedesis occurs following 1996), the importance of this molecule in programmed leukocyte rolling on the vessel wall promoted by seleccell death of extravasated neutrophils in not known. The tins, and firm adhesion of rolling leukocytes is mediated transgenic expression of the anti-apoptotic protein bcl-2 by members of the ␤2 integrin family (Carlos and Harlan, in neutrophils inhibits apoptosis in thioglycollate-elic-1994). ␤2 integrins are four heterodimers with distinct ited neutrophils in vitro (Lagasse and Weissman, 1994) . ␣ subunits (CD11a through CD11d) sharing a ␤ subunit However, neutrophils do not normally express bcl-2 (CD18, ␤2). These receptors are dramatically up-regu- (Afford et al., 1992; Iwai et al., 1994) . Several activationlated on the surface of activated leukocytes and mediate dependent neutrophil functions lead to changes in secvarious leukocyte adhesion-dependent events. Defiond messenger systems that are associated with inducciency of ␤2 integrins (leukocyte adhesion deficiency tion of apoptosis in neutrophils. These include transient elevations of cytosolic free calcium, oxygen radical generation, and protein tyrosine phosphorylation (Gottlieb (A) The CD11b locus (wild-type allele) and the replacement vector are shown. To construct the replacement vector, a BglI-ClaI (800 bp) fragment, which includes the 64 bp ATG exon, was deleted and replaced with a 1.7 kb neomycin gene cassette driven by a PGK promoter. The 5Ј flanking probe used for screening embryonic stem cell clones and genotyping mice is indicated (Southern probe). The probe detects a 6.0 kb EcoRI fragment from the wild-type allele and a 4.1 kb fragment from the mutant allele.
(B) Southern blot analysis of EcoRI-digested tail DNA from a litter of a heterozygous intercross. Fragments obtained from wild-type and mutant alleles are indicated. Two mice are homozygous for the mutation (asterisk).
(C) Thioglycollate-elicited leukocytes from wild-type (WT) and CD11b/CD18-deficient mice (Mutant) were stained with Gr-1 MAb to identify granulocytes and anti-murine CD11b or CD11a MAb. CD11b and CD11a expression was assessed on the Gr-1-positive population. This is a representative experiment of three performed. CD11b was not detectable in mutant neutrophils, but CD11a was similar to wild type. Watson et al., 1996; ; amino acids of the signal peptide were deleted from the CD11b genomic clone and replaced with the neomycin Yousefi et al., 1994) . Consequently, it is likely that genes that can influence other aspects of neutrophil behavior resistance positive selection marker ( Figure 1A ). Mice heterozygous for the mutation were generated using are also involved in active cell death. In this regard, there is growing evidence that engagement of CD11b/ standard protocols. Homozygous animals resulting from heterozygous matings were born at approximately CD18 promotes phagocytosis, spreading, chemotaxis, and transduction of intracellular signals that lead to 20.4% frequency, which is close to the expected Mendelian frequency (25%). Genotypes of a litter resulting from changes in calcium flux, gene expression, and the oxidative burst (Arnaout, 1990b) . one of these crosses are shown ( Figure 1B ). Homozygous animals appear grossly normal, and their viability In this study we examined the biological roles of CD11b/CD18 in neutrophil functions in vivo by generatup to 18 months of age suggests that CD11b/CD18 is not essential for embryonic development or leukogening mice deficient in expression of this receptor. Analyses of these mice revealed several neutrophil defects esis. We also observed no increase in infections in the CD11b/CD18-deficient colony under viral-free condiconsistent with previous known functions of this adhesion receptor, as well as a novel, unanticipated role in tions but otherwise not quarantined, suggesting that these mice are not severely immunocompromised. apoptosis of extravasated neutrophils.
Neutrophils and resident macrophages were assessed for surface CD11b/CD18 expression and other Results granulocyte markers. Extravasated mutant peritoneal neutrophils had no detectable CD11b/CD18 expression Generation of CD11b/CD18-Deficient Mice and Verification of CD11b/CD18 Deficiency but wild-type levels of the sister integrin CD11a/CD18 ( Figure 1C) . In data not shown, peripheral blood leuko-A targeting vector was constructed in which the exon encoding the translational initiation codon (ATG) and 15 cytes from mutant mice were negative for CD11b/CD18 (Lewinsohn et al., 1987) . As early as 2 hr, mutant microliter [n ϭ 32]), as were PBN counts (wild type, 1180 Ϯ 150; mutant, 1020 Ϯ 140). This suggests that animals had 2-fold more neutrophils in the peritoneal exudate compared with wild-type mice, and by 10.5 hr CD11b/CD18 deficiency does not contribute to the leukocytosis observed either in patients with defects in mutants had 3-fold higher neutrophil levels than wild type ( Figure 3A ). The increase in neutrophil accumulaall ␤2 integrins (Anderson and Springer, 1987; Arnaout, 1990a) or in mice with reduced levels of ␤2 integrin tion may be due to a decrease in clearance of these cells. expression (Wilson et al., 1993) . The number of platelets was similar in mutants and wild type (wild type, 9.2 Ϯ The predominant pathway of neutrophil clearance following thioglycollate-induced peritonitis is apoptosis 0.4 ϫ 10 8 platelets per milliliter [n ϭ 16]; mutant, 9.9 Ϯ 0.5 ϫ 10 8 platelets per milliliter [n ϭ 16]), which indicates followed by phagocytosis of the apoptotic neutrophils (Sanui et al., 1982) . The phagocytosis of apoptotic neuthat platelet homeostasis is not perturbed in mutant mice.
trophils by mutant and wild-type peritoneal macrophages was indistinguishable (A. C. and T. N. M., unpublished data). We studied whether neutrophil apoptosis CD11b/CD18 Deficiency Does Not Affect Neutrophil Rolling, but Markedly Inhibits was defective in extravasated mutant neutrophils. Neutrophil apoptosis is characterized by specific morphoLeukotriene B4-Induced Firm Adhesion in the Microcirculation logical changes such as nuclear condensation and fragmented nuclei, which are the gold standard for idenLeukocyte rolling and firm adhesion were examined in two intravital microscopy preparations. Loss of CD11b/ tifying apoptotic neutrophils . It is also characterized by a reduction in DNA content detected by CD18 had no effect on the ability of neutrophils to roll on endothelial cells in the ear or cremaster muscle mipropidium iodide staining of fixed, permeabilized cells (a hypodiploid DNA peak present upon flow cytometric crocirculations ( Figure 2A ). The velocity of rolling cells was comparable between wild-type and null mice (data analysis), the appearance of a DNA "ladder," and a decrease in cell surface expression of CD16 (Fc␥RIII) not shown). In contrast, the ability of null neutrophils to adhere firmly to the endothelium in the cremaster muscle . We assessed the percentage of At the indicated times after intraperitoneal injection of thioglycollate, cells were harvested from the peritoneal cavity, and the number of neutrophils (A), eosinophils (B), and mononuclear cells (C) in the lavage was determined. Inset in (A), stained cytospin preparations of the peritoneal exudate were scored for percentage of apoptotic neutrophils using morphologic criteria. Significantly higher number of neutrophils accumulated in the peritoneum of mutant mice compared with wild type. The percentage of extravasated mutant neutrophils that were apoptotic was lower than wild type. Peritoneal eosinophils and mononuclear cells were also elevated in thioglycollate-treated CD11b/CD18 null mice compared with wild type. n Ն 10 wild-type and 10 mutant animals at each timepoint. Asterisk, p < 0.005; number sign, p < 0.05.
apoptotic neutrophils in cytospins of peritoneal lavage Apoptosis of Extravasated Peritoneal Neutrophils In Vitro Is Delayed samples harvested from wild-type and mutant mice by morphological criteria. The percentage of apoptotic in CD11b/CD18 Mutants The percentage of apoptotic cells observed in freshly neutrophils in mutant lavage samples was lower than wild-type at several timepoints following thioglycollate harvested peritoneal exudates of Figure 3A (inset) is low because apoptotic neutrophils are rapidly cleared treatment ( Figure 3A , inset). The difference in neutrophil apoptosis between wild-type and mutant 10.5 hr lavage by phagocytes in vivo. Therefore, we followed the apoptosis of thioglycollate-elicited neutrophils in vitro. samples at the 0 hr timepoint was confirmed by propidium iodide staining and subsequent flow cytometric
We cultured the total leukocyte population present in the peritoneal lavage of animals treated for 2 hr with analysis of neutrophils purified from lavage samples (wild type, 9.7 Ϯ 0.15%; mutant, 2.2 Ϯ 0.5% [p < 0.0001]).
thioglycollate. These cells would presumably have received the "death-inducing" signal in vivo. The cells Eosinophil accumulation in mutant animals was also higher than wild type at 10.5 hr, 48 hr, and 5 days after were then cultured under conditions that prevented adhesion of leukocytes to the tissue culture ware. At thioglycollate injection ( Figure 3B ). Increased mononuclear counts in the lavage of mutant mice were evident several timepoints, a morphological assessment of apoptosis on cytospins of samples was undertaken and at the early timepoints ( Figure 3C ). The enhanced recruitment in mononuclear cells and eosinophils may be due cell viability was assessed. CD11b/CD18 null neutrophils had a 56% and 45% reduction in apoptosis in to the increased accumulation of neutrophils. In fact, previous studies in a model of pulmonary inflammation comparison with wild-type neutrophils after 6 and 8 hr in culture, respectively ( Figure 4A ). suggest that the initial neutrophil accumulation is responsible for subsequent enhanced neutrophil recruitIn contrast with necrotic cells, cells undergoing apoptosis maintain integrity of their plasma membrane, ment and mononuclear cell accumulation (Henson, 1991) . Indeed, we found that eosinophil and mononuparticularly at early stages of programmed cell death, and therefore exclude trypan blue. Trypan blue excluclear cell peritoneal accumulation 10.5 hr following thioglycollate treatment was similar in mutant and wild-type sion was used to assess the percentage of viable cells, which include apoptotic cells and is a population distinct mice rendered neutropenic with cyclophosphamide (wild type mononuclear, 3.48 Ϯ 0.5 ϫ 10 6 ; eosinophils, from necrotic cells, which are dye permeable . Cell viability remained at >90% during the 0.21 Ϯ 0.04 ϫ 10 ).
experimental time period for both genotypes ( Figure 4A ). (A) At 2 hr after thioglycollate administration, peritoneal leukocytes from individual mice were cultured directly and assessed for apoptosis by morphological criteria. The results shown are the average of 11 wild-type and 12 mutant mice. CD11b/CD18-deficient neutrophils had a significant reduction in apoptosis after 6 and 8 hr in culture. Cell viability assessed by trypan blue exclusion was greater than 90% in both genotypes.
(B) At 10.5 hr after thioglycollate administration, peritoneal lavage was collected and neutrophils were isolated by density centrifugation. At time 0, neutrophils were placed in culture, and at the indicated timepoints apoptotic cells were scored on cytospins. The percentage of apoptotic neutrophils in the mutant sample was consistently lower than wild type. n ϭ 8 experiments. This suggests that cellular processes that lead to loss mice was significantly delayed compared with PBN isolated from naive mice. Cytokines and other inflammatory in membrane integrity, i.e., cell necrosis, are not affected by CD11b/CD18 deficiency.
mediators have been previously shown in vitro to delay apoptosis of neutrophils (Squier et al., 1995) . ThioglycolThe differences in apoptosis between wild-type and mutant extravasated neutrophils were reproduced in late-stimulated inflammatory mediators in blood may similarly inhibit apoptosis of PBN. It is also possible that neutrophils purified by density centrifugation from the peritoneal exudate of wild-type and mutant mice treated thioglycollate-treated mice have increased release of the bone marrow pool of neutrophils into the circulation for 10.5 hr with thioglycollate. We observed a significant reduction in apoptotic neutrophils at the 0 hr timepoint, with the younger neutrophils, contributing to the observed delay in apoptosis. which is consistent with Figure 3A (inset), as well as after 8 hr in culture ( Figure 4B ). Apoptosis in the same samples was also documented using propidium iodide Phagocytosis and Oxidative Burst Are Impaired and DNA laddering. We observed a hypodiploid DNA in Thioglycollate-Elicited Neutrophils peak in samples of null neutrophils stained with propidfrom CD11b/CD18 Mutants ium iodide that was consistently smaller than wild type An important function of extravasated neutrophils is the at both the 0 and 8 hr timepoints. Apoptosis was also phagocytosis and killing of microorganisms. CD11b/ qualitatively confirmed in these samples by DNA lad-CD18 has been previously shown to mediate phagocytodering ( Figure 4C ). The percentage of viable cells desis of serum-opsonized particles, cell spreading, and the creased to approximately 60% after 8 hr in culture, posassociated vigorous generation of the oxidative burst sibly as a result of the neutrophil isolation procedure, but (Arnaout, 1990b) . In the next several experiments, we was comparable between cultures of both genotypes.
tested our hypothesis that neutrophil apoptosis is induced through CD11b/CD18-mediated phagocytosis and its associated oxidative burst. This would represent Apoptosis of CD11b/CD18 Mutant PBN In Vitro Is Equivalent to Wild Type a mechanism by which foreign pathogens are eliminated without risking serious tissue damage by the myriad of To determine whether the decrease in apoptosis of extravasated neutrophils was a consequence of a younger toxic chemicals used by neutrophils to destroy microorganisms. population of circulating neutrophils in mutant mice, apoptosis in PBN isolated from wild-type and mutant
We assessed the ability of CD11b/CD18 null neutrophils to phagocytose complement-opsonized particles, animals was compared. In PBN harvested from untreated mice, the percentage of apoptosis in mutant spread, and generate an oxidative burst. Thioglycollateelicited CD11b/CD18-deficient neutrophils were unable neutrophils in culture was similar to wild type ( Figure  5 ). This indicates that spontaneous apoptosis of blood to bind to iC3b, the major opsonin of the complement system (data not shown) and were unable to ingest comneutrophils occurs via a CD11b/CD18-independent mechanism. In PBN collected from animals treated with plement-opsonized Oil-red-O particles. PBN spreading on glass (a form of "frustrated" phagocytosis) was also thioglycollate for 2 hr and 10.5 hr, apoptosis in wild-type and mutant PBN was also similar ( Figure 5 ). However, dramatically attenuated in CD11b/CD18 null neutrophils. In addition, the oxidative burst displayed by activated apoptosis in PBN isolated from thioglycollate-treated neutrophils collected from the peritoneal lavage of thioopsonized particles (data not shown). Identical results were obtained with another phagocytosis blocking antiglycollate-treated mice was reduced by >60% in mutant neutrophils (Table 1) .
CD11b MAb (MAb 107; Rieu et al., 1994) , which is isotype matched with the anti-CD11a MAb (data not shown). Cell viability in samples was greater than 92% under all Phagocytosis of Serum-Opsonized Particles Induces Apoptosis via a CD11b/CD18-Dependent Mechanism conditions. The rapid induction of neutrophil apoptosis upon CD11b/CD18-mediated phagocytosis is strong evWe next asked whether phagocytosis of complementopsonized particles triggers neutrophil apoptosis, and idence that the early accumulation of neutrophils in the peritoneal cavity of mutant mice (see Figure 3 ) could whether the process is mediated by CD11b/CD18. Purified human PBN were incubated with or without serumbe entirely due to a defect in neutrophil apoptosis and subsequent clearance. opsonized Oil-red-O particles. Cells were then washed, placed in culture, and assayed for neutrophil apoptosis at 0 and 4 hr using three different analytical methods of apoptosis: morphological features of apoptosis on NADPH Oxidase-Generated Oxygen Radicals Are Required for CD11b/CD18-Mediated cytospins, CD16 surface expression, and propidium iodide staining. Cell viability, assessed by trypan blue Phagocytosis-Induced Apoptosis Reactive oxygen intermediates (ROI) are implicated in exclusion, was greater than 90% for all samples. By all the above criteria for apoptosis, neutrophils fed serumapoptosis of several different cell types (Buttke and Sandstrom, 1994) . In neutrophils, a striking increase in opsonized particles had significantly higher levels of apoptosis compared with unfed neutrophils 4 hr after oxygen radical generation accompanies CD11b/CD18-mediated phagocytosis. This relies on the activity of they were placed in culture ( Figure 6A ).
To test whether CD11b/CD18-mediated phagocytosis NADPH oxidase, a multicomponent enzyme that catalyzes the transfer of electrons from reduced nicotinleads to apoptosis, purified human PBN were allowed to ingest serum-opsonized Oil-red-O particles in the amide dinucleotide phosphate (NADPH) to molecular oxygen (Babior, 1992) . To examine whether ROI are presence or absence of a MAb directed against CD11b (MAb 44), which blocks phagocytosis by 70%-80% (Arrequired for CD11b-mediated apoptosis, the effect of the flavoprotein inhibitor diphenylene iodonium (DPI) naout et al., 1983). A MAb against CD11a (Mentzer et al., 1986) served as a control. Samples were taken at 0, (Cross, 1990) was investigated. DPI effectively abrogated phagocytosis-induced superoxide generation 2, 3, and 4 hr after culture. Apoptosis was assessed in duplicate slides of cells stained with Wright-Giemsa or (detected by NBT reduction; data not shown) without affecting phagocytosis ( Figure 7A, inset) . Strikingly, acridine orange, the latter permitting the simultaneous assessment of ingestion as well as apoptosis in the phagocytosis did not trigger apoptosis in these cells ( Figure 7A ). DPI also inhibits nitric oxide synthetase same cell. As shown in Figure 6B , phagocytosis induced a dramatic increase in neutrophil apoptosis compared (Stuehr et al., 1991) . Therefore, we also evaluated the role of ROI in PBN from patients with chronic granulomawith cells incubated without opsonized particles. This was observed within 2 hr in culture. Microscopic examitous disease, who have a genetic deficiency in the NADPH oxidase (Dinauer et al., 1990) . PBN from two nation of acridine orange-stained cells confirmed that apoptosis was present only in particle-containing cells unrelated patients (Dinauer et al., 1990 ; Peter Newburger, personal communication) did not undergo the (data not shown). The anti-CD11b MAb reduced phagocytosis-induced apoptosis by ‫%17ف‬ and ‫%67ف‬ at 2 respiratory burst as expected (data not shown). In both patients, phagocytosis did not induce apoptosis up to and 3 hr, respectively ( Figure 6B ). The antibody had no effect on spontaneous apoptosis of neutrophils not fed 5 hr after culturing compared with controls ( Figure 7B ). Human PBN were incubated at 37ЊC in buffer alone (diamonds) or buffer containing serumopsonized ORO (circles) for 5 min in the absence (triangles) or presence (squares) of DPI (50 M). Washed cells were then placed in culture, and aliquots were obtained at the indicated timepoints and assessed for apoptosis using morphologic criteria. Values are the average of three independent experiments. The effect of DPI on phagocytosis was determined simultaneously in parallel incubations (inset). Histograms represent values obtained after subtracting the background (phagocytosis in the presence of 1 mM NEM as described in Experimental Procedures).
(B) Effects of congenital absence of NADPH oxidase activity on CD11b-mediated apoptosis. Human PBNs from two patients with CGD (P1 and P2) and two controls (C1 and C2) were left in buffer or fed serum-opsonized ORO for 5 min at 37ЊC. Cells were then washed, cultured for the indicated times, and assessed for apoptosis as described in (A).
Values are the average of two independent experiments.
This indicates that NADPH oxidase-derived ROI, trig-CD18 null mice have normal peripheral leukocyte counts and can extravasate into tissues such as the inflammed gered by CD11b/CD18-mediated phagocytosis, are responsible for neutrophil apoptosis.
peritoneum. In contrast, the inflammed tissues of ␤2 integrin (CD18)-deficient humans (Anderson et al., 1985; Arnaout et al., 1982) , dogs (Giger et al., 1987) , and cattle Discussion (Kehrli et al., 1990) are largely devoid of neutrophils, despite a characteristic peripheral granulocytosis. NeuOur studies clearly demonstrate an important role for CD11b/CD18 in neutrophil functions such as chemoattrophils of CD11b/CD18-deficient mice share phenotypes associated with ␤2-deficient neutrophils, thus detractant-induced adhesion to the endothelium, phagocytosis, spreading (frustrated phagocytosis), and generlineating the functions that are primarily CD11b/CD18 dependent. Neutrophils from both groups display imation of an oxidative burst. More importantly, our studies reveal an unanticipated role for this receptor in neutropaired spreading, complement iC3b binding, phagocytosis, and the associated oxidative burst. In vivo, we phil apoptosis as well as an underlying mechanism.
Mice generated with a mutation in the CD11b locus demonstrate that CD11b/CD18-deficient mice have a defect in neutrophil adhesion in the acute response to have no detectable levels of CD11b/CD18 on their neutrophils or macrophages. An absence of CD11b/CD18 the neutrophil activating stimulus, leukotriene B 4 . These findings are consistent with previous data showing that does not affect expression levels of CD11a/CD18 or other neutrophil markers such as L-selectin and Gr-1.
␤2 integrins play little role in neutrophil rolling (von Andrian et al., 1993) and emphasize the role of CD11b/ Deficiency of CD11b/CD18 has interesting features that distinguish it from deficiency of ␤2 integrins. CD11b/ CD18 in neutrophil firm adhesion in response to neutrovacuoles and apoptosis are prominent in samples that have phagocytosed opsonized Oil-red-O particles (middle), but are largely absent in samples preincubated with MAb to CD11b prior to incubation with particles as well as in those not fed particles (left). Bar is 20 m.
phil-activating stimuli (Arnaout et al., 1988 ; Mulligan et been characterized. It is not essential that the particulate al., 1994). In previous studies using function-blocking material is a CD11b/CD18 ligand, since previous studies MAbs, CD11b/CD18 was shown to promote leukocyte suggest that CD11b/CD18 is required for phagocytosis rolling at low shear rates (Gaboury and Kubes, 1994) . even when there is no known CD11b/CD18 ligand presOur studies do not support these findings: constitutive ent (Gresham et al., 1991) . This may be related to the leukocyte rolling was unaffected in the ear in the abrequirement for other phagocytic receptor-ligand comsence of surgical trauma despite low shear rates present plexes to interact with CD11b/CD18 to trigger phagocyin this organ.
tosis and signal transduction events (Fallman et al., The apparently normal extravasation of CD11b/CD18 1993; Petty and Todd, 1993; Zhou and Brown, 1994) . null neutrophils in the thioglycollate peritonitis inflamSince CD11b/CD18-deficient extravasated neutrophils mation model may reflect the overlapping roles of ␤2 do eventually undergo apoptosis and are cleared in integrins (Schmits et al., 1996) , as well as the role of CD11b/CD18 null mice, it is probable that mechanisms selectins (Arbones et al., 1994; Frenette et al., 1996;  other than CD11b/CD18-dependent phagocytosis can Mayadas et al., 1993) in neutrophil emigration in this also trigger apoptosis. model. This finding suggests that the reduction in intraCD11b-mediated particle ingestion and spreading invascular adhesion observed by intravital microscopy in duce or facilitate, respectively, ROI (Arnaout, 1990b ; Namutant mice is not a rate-limiting step in the complex than et al., 1989 1996; Watson et al., 1996) . Mutant neutrophils directly collate-treated CD11b/CD18 null mice compared with harvested from the peritoneal cavity have reduced oxythe wild-type suggests that CD11b/CD18 may play a gen radical content, which may be a consequence of role in neutrophil survival. The number of apoptotic neutheir reduced phagocytic and spreading activities. The trophils present in the peritoneal cavity of mutant mice reduction in oxygen radical generation in mutant extravwas significantly reduced compared with wild type, a asated neutrophils may be a reason why they have a difference that was reproduced in purified peritoneal decrease in apoptosis. In fact, our in vitro studies proneutrophils aged in culture. These data suggest an unvide strong evidence that oxygen radical generation asanticipated role for CD11b/CD18 in promoting neutrosociated with CD11b/CD18-mediated phagocytosis phil apoptosis. The uptake of apoptotic neutrophils by triggers apoptosis in neutrophils. Apoptosis following peritoneal macrophages deficient in CD11b/CD18 is unphagocytosis is severely compromised in neutrophils affected (A. C. and T. N. M., unpublished data), which from patients with chronic granulomatous disease is consistent with previous studies suggesting a role for (CGD), which are unable to generate superoxide and the vitronectin receptor and phosphatidylserine receprelated ROI since they lack a functional NADPH oxidase tor on macrophages in this process (Fadok et al., 1992;  complex. This is despite a normal phagocytosis of opso- Savill et al., 1990) .
nized particles by CGD neutrophils. The defect in A potential mechanism for the CD11b/CD18-depenapoptosis could also be reproduced in normal neutrodent apoptosis in extravasated neutrophils is suggested phils in the presence of the NADPH oxidase inhibitor, by our in vitro studies, in which phagocytosis of comple-DPI. The identification of a defect in apoptosis in neutroment-opsonized particles by normal human neutrophils of CGD patients has implications for the clinical phils induced apoptosis and blocking with anti-CD11b manifestations of CGD. It raises the possibility that the MAbs attenuated the effect. A similar delay in neutroprolonged inflammatory response observed in patients phil apoptosis is undoubtedly present in ␤2 integrinwith CGD may not be primarily due to a hyperactive deficient cells, but is probably concealed by the conimmune response, infection, or the failure to degrade comitant defect in extravasation. Watson et al. (1996) chemoattractants as previously suggested (Henderson reported that ingestion of serum-opsonized Escherichia and Klebanoff, 1983), but may be the result of prolonged coli by neutrophils leads to neutrophil apoptosis, neutrophil survival at sites of inflammation. Of interest, although no role for CD11b/CD18 was demonstrated.
thioglycollate-induced peritonitis in mice deficient in Our studies indicate that this process is dependent specific components of the NADPH oxidase complex on CD11b/CD18. The link of CD11b/CD18-dependent (Jackson et al., 1995; Pollock et al., 1995) led to a profile phagocytosis with apoptosis provides a novel counterof increased neutrophil and leukocyte accumulation that regulatory mechanism to accelerate apoptosis in the is strikingly similar to our observations in the CD11b/ inflammed tissue under external conditions that nurture CD18 null mice. The overall increase in leukocyte accuneutrophil survival. Such a mechanism would eliminate mulation in these studies may be due to the initial neutrophagocytic cells that have reached the end of their usephil accumulation leading to a positive feedback for ful life span in inflammed tissues, thus limiting detrimenfurther leukocyte recruitment. This is supported by our tal effects from toxic contents of neutrophils. Our confindings in which we show that the exaggerated monotention that an absence of CD11b/CD18-mediated nuclear and eosinophil accumulation in CD11b/CD18 phagocytosis is the mechanism for the delay in apopnull mice is eliminated if they are rendered neutropenic. tosis in the extravasated mutant neutrophils is supBased on our studies, it is also possible that leukocyte ported by our findings that phagocytosis of serum-opsosubsets, some of which also express CD11b/CD18, have nized particles and neutrophil spreading (frustrated a delay in apoptosis owing to a lack of CD11b/CD18-phagocytosis) are absent in mutant neutrophils. Howmediated phagocytic activity and the associated oxidaever, the particulate material engulfed by infiltrating neutrophils in thioglycollate-induced peritonitis has not tive burst.
We analyzed elicited neutrophils for CD11a and CD11b expression
The finding that CD11b/CD18-mediated phagocytosis 10.5 hr following thioglycollate injection. Leukocytes in the lavage induces apoptosis, whereas apoptosis of resting periphwere incubated with phycoerythrin-labeled Gr-1 (Pharmingen) to eral neutrophils occurs in the absence of CD11b/CD18, identify granulocytes and mouse CD11a or CD11b FITC-labeled rat defines at least two apoptotic pathways for the disposal MAbs (Pharmingen). Cells were subjected to two-color flow cytomeof neutrophils. These two pathways may be referred to tric analysis on a FACScan flow cytometer (Becton Dickinson); 5000 cells were analyzed.
as "activation-induced" and "spontaneous" apoptosis. CD11b/CD18 induces cell death in neutrophils that have autoimmune disease (Thompson, 1995) . Whether CD11b/ in a supine position on a specially designed plexiglass stage, and the right CM was prepared for intravital microscopy as described CD18 deficiency predisposes to autoimmunity in certain previously (Pemberton et al., 1993) . Throughout the experiment, the conditions remains to be examined, but two recent find-CM was superfused with 37ЊC endotoxin-free, bicarbonate-bufings suggest that a deficiency in this ␤2 integrin may fered, oxygen-depleted saline solution.
lead to autoimmune disease: a patient with a mutation in
Microvascular Observation
the CD11b epitope responsible for binding complementAnimals were transferred to a microscope stage (IV-500, Mikron) opsonized particles has systemic lupus erythematosus and 10 ml per kilogram body weight of Ringer's lactate containing 2 mg/ml of the fluorescent dye rhodamine 6G (Molecular Probes) (Witte et al., 1993) and certain strains of ␤2 integrinwas injected intravenously. Visualization of labeled leukocytes was deficient mice have been recently reported to develop made by video-triggered stroboscopic epi-illumination using a Xeautoimmune skin disease (Bullard et al., 1996) .
non Arc (Chadwick Helmuth) and a FITC filter set. Following rhoda-
In conclusion, we demonstrate that CD11b/CD18 video recordings were made as described above. Video analysis for determining rolling fractions was performed as described previously Experimental Procedures (von Andrian et al., 1992) . A PC-based interactive image analysis system for microcirculation research (Priess, 1988) was used to Construction of CD11b Targeting Vector and Generation determine vessel diameter and axial length and velocities of individof CD11b-Deficient Mice ual rolling and noninteracting leukocytes. The mean blood flow veThe mouse CD11b locus was cloned from a genomic library using locity and wall shear rates were assessed as described previously a murine CD11b cDNA provided by Dr. Robert Pytela (University of (Ley and Gaehtgens, 1991) . California, San Francisco) (Pytela, 1988) . The targeting vector was constructed by replacing a 800 bp BglI-ClaI fragment spanning the Sampling and Determination of Peripheral Blood exon containing the ATG translational start codon with a 1.7 kb and Thioglycollate-Elicited Peritoneal PGK-neo-poly(A) cassette. Herpes simplex virus thymidine kinase Leukocyte Counts (HSV-tk) cassettes were ligated to the linear ends. The construct Peripheral blood was obtained by retro-orbital sampling using hepawas linearized with NotI and used to electroporate 10 7 J1 ES cells rinized capillary tubes and collected in 5 mM EDTA. Total leukocyte (Li et al., 1992) , which were maintained on a feeder layer of neo r counts were determined on a Coulter counter after hemolysis of embryonic fibroblasts in the presence of 500 U/ml LIF. Clones were erythrocytes using Zap-oglobin II (Coulter). Differential counts were selected with G418 (400 g/ml) and FIAU (2 M) and were evaluated determined by examination of Wright-Giemsa-stained blood smears by Southern blot analysis of DNA with EcoRI and hybridization to (Baxter). Platelet counts were done on a hemocytometer after lysis external probes. Of 196 doubly resistant clones screened, 4 had using the unopette microcirculation system (Becton Dickinson). undergone homologous recombination. Further analysis of these Mice were injected intraperitoneally with 1 ml of 3% thioglycollate four clones with a number of restriction enzymes provided no evi-(Sigma), and peritoneal lavage was harvested as previously dedence for other untoward genetic events. Three of the four clones scribed (Mayadas et al., 1993) . Total cells in the lavage were counted were injected into 3.5 day C57Bl/6 or Balb/c blastocysts and proon a hemocytometer, and cytospins of the cells were stained with duced chimeric mice. Agouti offspring of chimeric animals were Wright-Giemsa. Cells were differentially counted to determine the analyzed for the presence of the mutated CD11b allele. Tail biopsies percentage of neutrophils, eosinophils, and mononuclear cells. were used to prepare DNA by standard methods for Southern blot Neutropenia was induced in mice by an intraperitoneal injection and PCR analysis (Laird et al., 1991) . Animals were bred and mainof cyclophosphamide (200 mg per kilogram body weight) (Sigma) tained in a virus antibody-free animal facility at the Longwood Medical Research Center of the Harvard Medical School. (Voncken et al., 1995) . Thioglycollate peritonitis was induced 72 hr later as described above. Neutropenia was >98% as confirmed by 550 l in PBS (plus Ca and Mg) for 7 min, with or without 1 mM N-ethyl-maleimide (NEM), an inhibitor of phagocytosis. Cells were leukocyte and differential counts in anti-coagulated blood.
washed and the red dye was extracted using dioxane and phagocytosis quantified at OD 525 . The rate of phagocytosis was then calcuMurine Neutrophil Isolation lated as micrograms of Oil-red-O per 10 6 PMNs per minute. The PBN Isolation same assay was used to assess human neutrophil phagocytosis; Blood was collected in 5 mM EDTA and neutrophils were isolated isolated neutrophils from normal or CGD patients were either left in by density centrifugation using Nim.2 neutrophil isolation medium buffer or pretreated (10 min on ice) with the function-blocking antiaccording to the protocols described by the manufacturer (Cardinal body to CD11b (44, IgG 2a; Arnaout et al., 1983) , 1986) . Antibodies were used at 1:50 dilution of ascites. Cells 10 6 neutrophils) and referred to as one experiment. Each timepoint were then exposed to opsonized ORO for 3 min, washed, and then represents the average of three experiments.
analyzed for apoptosis over time as described above. In some exIsolation of Thioglycollate-Elicited Neutrophils periments, DPI (at 50 M; Toronto Research Chemicals, Inc.) was Neutrophils were isolated from peritoneal lavage of 10.5 hr thioglyadded to normal PBN in a 7 min phagocytosis assay to determine collate-treated mice by Percoll density gradient centrifugation, as the role of ROI in apoptosis. In experiments establishing that phagopreviously described (Fadok et al., 1992) . Neutrophils were present cytosis induces apoptosis, eight experiments were performed on in density layers greater than or equal to 1.075. These cells were neutrophil and serum isolated from different donors (range of 20%-collected and placed in culture. Lavage from three mice was pooled 90% neutrophil apoptosis observed after 2 hr in culture). In time and is referred to as one experiment. Each timepoint represents the course experiments with antibodies added, a single donor was used average of eight experiments.
for consistency in the percentage of apoptosis observed after phagocytosis.
Assessment of Neutrophil Apoptosis
Neutrophil Spreading Isolated neutrophils were resuspended at 4 ϫ 10 5 cells per milliliter Isolated mouse neutrophils were assayed for their ability to spread in complete media (IMDM containing 5% FBS, 2 mM L-glutamine, on a glass surface using a hemocytometer as previously described 100 U/ml penicillin, and 100 g/ml streptomycin) and plated in 24- (Lee et al., 1993) . Cells were loaded onto the hemocytometer, incuwell dishes previously coated with Poly-HEMA (Sigma) to prevent bated for 5 min at room temperature, and scored for cell spreading adhesion. At various timepoints after culturing, approximately 4 ϫ under light microscopy. 10 4 cells were collected from each well for viability and apoptosis Oxidative Burst assessment. Total lavage leukocytes from 2 hr thioglycollate-treated Peritoneal exudate was collected from 2 hr thioglycollate-treated mice were centrifuged and resuspended at 10 6 cells per milliliter of wild-type and CD11b/CD18-deficient mice. The lavage was percomplete media and plated in coated wells. The percentages of formed in 2 ml of buffer, and 200 l of cell suspension was incubated mononuclear cells and neutrophils were comparable between wildwith a phycoerythrin-labeled rat MAb to mouse Gr-1 (1:100) (Phartype and mutant samples. Percent viability was determined by trymingen) for 30 min at 4ЊC. Subsequently, 300 l of PBS was added pan blue exclusion. Cytospin preparations were fixed in methanol, with 5 M dichlorofluorescein diacetate (DCFA) (Molecular Probes) stained with Wright-Giemsa, and examined by oil-immersion light and incubated for 15 min at room temperature. Two-color cytofluorimicroscopy at a final magnification of 1000ϫ. The percentage of metric analysis was performed on a Becton Dickinson FACScan to apoptotic neutrophils was determined by counting the number of determine the mean DCF fluorescence associated with Gr-1-posicells showing features associated with apoptosis (chromatin contive cells (Busciglio and Yankner, 1995) . densation and fragmented nuclei) as previously described (Savill et The oxidative burst was also measured during ingestion of opsoal., 1989) . For all samples analyzed, 200-400 cells per slide were nized particles by including nitroblue tetrazolium (NBT, Sigma) counted by the researcher without prior knowledge of the sample. (Baehner and Nathan, 1968) at a final concentration of 0.8 mg/ Flow cytometry on a FACScan (Becton Dickinson) was carried ml. NBT reduction was then measured at the conclusion of the out on neutrophils stained with a MAb to CD16 (Fc␥RIII) or propidium phagocytosis assay by measuring absorption of the dioxane extract iodide. Flow cytometric analysis of CD16 expression was performed at OD580 and correcting for the ORO absorption. on human neutrophils using FITC-conjugated mouse anti-human MAbs (Pharmingen) for 20 min on ice. Cells were washed, fixed in 4% paraformaldehyde, and subjected to flow cytometric analysis. Statistics We analyzed 5000 cells in each sample. For propidium iodide stainData are presented as average Ϯ standard error of the mean. Statising, 10 6 mouse or human neutrophils were pelleted and resuspended tical significance was assessed by unpaired Student's t test. in 0.3 ml PBS. Ice-cold 100% ethanol (0.7 ml) was then added dropwise, and the sample was stored at 4ЊC for at least 2 hr. After CGD Patients washing, the cell pellets were resuspended in 0.25 ml of PBS; 0.25 Two patients with different genetic lesions in the NADPH oxidase ml of RNase A (1 mg/ml) and 0.5 ml of propidium iodide (100 g/ were evaluated. One, a male, is lacking gp91 phox component of ml) (Sigma) were added, and samples were incubated at room tem-NADPH oxidase (P. Newburger, personal communication) and the perature for 15 min with shaking. Samples were stored at 4ЊC in the second, a female, is suffering from a rare autosomal form of CG, dark until they were examined. We analyzed 10,000 cells in each lacking the p22 phox component of the oxidase (Dinauer et al., sample. 1990 ). Both patients were receiving antibiotics on a chronic basis, DNA laddering in murine neutrophils was assessed as previously but were otherwise healthy during the period of the study. described (Lee et al., 1993) . We loaded 2.5 g of DNA per lane on a 1.8% TBE agarose gel containing ethidium bromide. Acknowledgments Assessment of Neutrophil Phagocytosis, Spreading, and Oxidative Burst
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